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PRELIMINARY INVESTIGATION CIF THE PERFC[RMANCE c[F A SINGIE 
TUBULAR COMBUSTOR AT PRFSSORES UP TO 12 ATMCEPHEEES 
By Jerrold D. Wear and Helmut F . Butze 
SUMMARY 
The effects  of conibustor operation a t  conditions representative 
of those encountered in high pressure-ratio turbojet  engines o r  a t   h igh  
f l i g h t  speeds on carbon deposition, exhaust smoke, and conibustion e f f i -  
ciency were s tudied in  a single tubular corrfbustor. Carbon deposition 
pressures from 33 t o  173 pounds per square inch absolute and combustor 
reference velocities f r o m  78 t o  142 feet  per  second. Co&ustion e f f i -  
c i ency te s t s  were conducted over a range of pressures f r o m  58 t o  U-7 
pounds per s q m e  inch absolute and veloci t ies  from 89 t o  172 feet   per 
second. 
r: 
V and smoke formation tests were conducted  over a range of conbustor-inlet H 
Y 
Total  carbon  deposition  increased  rapidly  with  increases  in  inlet- 
a i r   pressure and velocity and increased  s l ight lywith  increases   in   fuel-  
air r a t i o ,  Smoke formation increased appreciably with increases i n  
pressure and fuel-air  r a t i o  but not  significantly w i t h  increases in com- 
bustor reference velocity. Conbustion efficiency vasied between 88 and 
100 percent over the entire range of conditions covered and generally 
decreased with decreasing pressure and increasing velocity. No llmiting 
values of heat-release rate,  in Btu per hour per cubic foot of conibustor 
volume per atmosphere, were obtained at the highest pressure condition 
as velocity and fue l  flow were increased t o  conditions  limited by the  
capacity of the test f ac i l i t y .  
INTRODUCTION 
Trends in present turbojet-engine design are directed toward higher 
flight speeds and-the use of higher compressor pressure ratios which, 
conbined with improvements i n  compressor d e s i g n ,  are   resul t ing  in   higher  
combustion-chaniber pressures and greater air-flow rates per unit cross- 
sectional area. A preliminary investigation of the effects  of these 
design trends on the  turbojet  curtibustion process i s  reported herein. 
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Severe carbon deposition and smoke problems have been encountered 
w i t h  current. development engines operatin3 at sea-level pressure ratios- 
as high as 12.  Carbon deposition- in, the conikustor may have detrimental 
effects on performance by altering fuel-qrax--or air-entry-$atterns and: 
causing distortion o r  warping of codus tor  l iner  walls. h o k e  forma- 
t ion ,  on the other hand, does not generally irpgair eGi&"performance " 
but may be undesirable from a t a c t i c a l  or a nuisance standpoint. Pub- 
l ished information concerning the effects of,combufitor-inlet pressure 
and velocity on carbon deposition and .elchaust-fimoke"fo~tion is some- 
what- meager. Investigations conducted by the Shell  Development Coqpany 
w i t h  a small-scale single combustor (unpublished data) indicated that 
the amount of carbon deposited per unit weigh: of fuel burned increased 
with  increasing pres-sure t o  a maximum value a d -  then decreased with a 
further iucrease in pressure. In the reference investigation, air-flow 
ra t e  w a s  held constant; thus, inlet-air velocity decreased with increas- 
ing inlet-air pressure. Information from reference 1 .indicates that 
the variations  in carbon deposition with pressure are par t ly  dependent 
upon variat ions in  i-et-air velocity. Data from references 2 and 3 
show an increase in carbon  deposition  .per  .unit of fue l  biirned"witk an 
increase of Tinlet-air pressure. Exhaust-smol.re fo&tion i s  also affected 
by changes i n  inlet-air parameters as indicated.by data frm reference 
4 ;  the most pronounced effect  was the large increase in smoke resulting 
from increases in pressure. 
-.. . L """" I. 
". 
- . . . . . . . 
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Combustion efficiency, in general, has been found t o  decrease with 
increasing inlet-air velocity (refs. 5 and 6)  and with decreasing inlet- 
air gressure and temperature. For tiirbojet engines operating at low 
compressor pressure ratios,the effect of-rthese inlet  variables on 
efficiency may be expressed, with fair accur&y, by  the  empirical equai 
t i on  q, = f (Vr/FP) where q, is the combustion efficiency ana P, T, 
and Vr a r e  the  combustor-inlet " pressure,  the  inlet  temperature, and 
the reference velocity, respectively (refs. 7 t o  9 ) .  If t h i s  r e l a t ioa  
is  valia f o r  high pressure aperation, then increases in pressure may 
permit corresponding increases in veloclty w i t h o u t  affecting conibustion 
efficiency. 
.- . 
. . ." 
The investigation  reported  herein was conducted t o  determine the 
effect  of inlet-air pressure, reference velocity, and fue l -a i r  ra t io  on 
carbon deposition, smoke formation and conibustion efficiency in a single 
tdular turbojet  combustor. Carbon deposition and smoke-formation t e s t s  
w e r e  conducted a t  pressures from 33 t o  173 pounds per s q w e  inch abeo- 
lu t e  and combustor reference velocitie-s from 78 t o  .142.feet per second. 
Conibustion-eff iciency data were obtained at combustor-inlet  pressures 
from 58 t o  117 pounds. per square inch absolute .and over EA wide range of 
velocit ies and fuel-air   ra t ios .  
, . . .." 
"" 
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Combustor instal la t ion.  - A production model 333 inner l iner and 
dome were in s t a l l ed   i n  a high-pressme test unit (f ig .  1) connected to 
the laboratory 450-pound-per-square-Lnch air-supply system and t o  an 
atmospheric-exhaust muffler. The high-pressure co&ustor housing w a s  
similar t o  a J33 combustor housing except that circular inlet and ex- 
haust transition sections were used. The J33 configuration was selected 
fo r  the high-pressure tests because of the lmge amount of carbon- 
deposition data previously accumulated with  this  type of combustor and 
also because of i t s  relatively small  s i z e  and, hence, i ts  law air-flow 
requirements. TWO se t s  of easily disconnected flanges (fig. 1) were 
ins ta l led  t o  f a c i l i t a t e  removal of the conibustor from the test unit. 
The nuniber of flanged joints in  the tes t  duct ing was kept at a minimum 
in order t o  avoid leaks and warping. A high-pressure flexible coupling 
a t   t he   i n l e t  of the t e s t  unit was used t o  absorb thermal expansion 
(fig.  1). I n  order t o  -rove the velocity profile of the a i r  entering 
the conibustor, a flow-straightening screen was placed at the   i n l e t  end 
of the tes t  sect ion.  
A i r - f l o w  ra-Les and coIri4ustor pressures were regulated by remotely 
controlled valves ugstream and downstream of the combustor; fuel  f low 
was controlled by means of a needle valve located downstream of a high- 
pressure fuel pump. No air-preheating eqd-pment was available fo r  this 
Investigation; the conibustor inlet-a- temperature varied with the d i s -  
charge temperature from the five-stage, intercooled, air-compressor 
system. Four water-spray nozzles, spaced axially i n  t h e  exhaust ducting 
and supplied  by a high-capacity,  high-pressure pmrg reduced the temper- 
ature of t h e   e m u s t  gases t o  a safe level.  
During the carbon and smoke t es t s   th ree  sizes of fuel nozzles were 
u t i l i zed  in  order t o  achieve the desired flow rates. For the lowest 
fuel-flow rates investigated, a standard hollow-cone, swirl-type nozzle 
with a nominal f low capacity of 40 gallons per hour (pressure, 100 
Ib/sq in. ) and a spray angle of 80° was used. For intermediate flow 
ra tes ,  a. sirnilex nozzle w i t h  a nominal f l a r   capac i ty  of 60 gallons per 
hour (pressure, LOO lb/sq in. ) and a spray angle of 70' was used. For 
the highest flow ra tes ,  a 60-gallon-per-hour nozzle ~s modified by en- 
larging the  discharge  orifice t o  provtde a flow capacity of 110 gallons 
per hour at a pressure of 100 pounds per square inch; the spray angle 
was about 75O. The 60- and the ll0-gallon-per-hour nozzles were used 
i n  the combustion eff ic iency  tes ts .  
In s tmen ta t ion .  - Air-flow rates were measured by square-edged 
orifice plates installed according t o  A.S.M.E. specifications. The 
pressure drop across  the  orifice was measured by a commercial pneumatic 
differential. pressure transmitter. The output of the transmitter was 
measured by a mercury manometer. Fuel flaw was measured by calibrated 
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rotameters located upstream of the high-pressure fuel pump. Inlet-air 
temperatures were measured by two enclosed si e-junction Iron- 
constantan themocoqdes located at plane x-X%ig. 2). The junctions 
were a t  centers of equal areas. Exhaust-gas temperatures were measured 
by  eight two-Junction chromel-alumel thermocouple rakes located. at sta- 
t ion B-B (fig. 2); individual junctions were located a t  centers of equal 
meas. The thermocouple supports at the exhaust were made of brass and 
were cooled by a stream of high-pressure air bled from the coxii!xwtion- 
air supply l ine upstream of the orifice (fig. 3). By means of a suit- 
able s w i t c h i ~  arrangement, either  individual temperatures or  an average s- 
temperature of all exhaust-gas .. thermocouplA8 ." could be- obtained.-__ Inlet- ii! 
ai? and exhaust-gas t o t a l  pressures were measured by four three-point 
total-pressure-probes at plane y-y and station A-A (fig. 2). The 
probes were located at centers of equal areas. The inlet-air probes 
were connected t o  a common manifold, as were the exhaust probes; the two 
manifold pressures w e r e  measured by two strain-gage-type  pressure  cells. 
The pressure cel ls  and a l l  thermocouples were conwcted t o  eelf- 
balancing potentiometers. Detailed views of the construction of the 
thermocouples and pressure rakes are Dresented in figure 3. 
r\ 
The relative  qwntity of smoke contained in  the combustion elchaust 
gases was determined with a smoke meter that consisted  essentially of 
an air-cooled filter press through which a metered volume of exhaust 
gas was  drawn.  Smoke particles suspended in the gas were deposited on 
a paper filter disk. A transmission densitometer, which measured the 
optical  density of the smoke-covered f i l ter  disks, w a s  used t o  give an 
indication of the amount of smoke deposited. on tbe paper. The apparatus 
and the method of smoke determination are described m r e  m y  i n  ref- 
erence 4. The exhaust-gas sample for  determining %he smoke density was 
obtained From one of the  three-point  total-pressure probes located at 
station A-A (fig. 2). 
Fuel. - A production-type Jet fuel, MIL-F-5624A grade J'P-4 ( W A  
52-288)s used in  these investigations; chemical and physical proper- 
ties of the f u e l  are presented in table I. 
PROCEDURE 
Carbon deposition ana smoke. - Carbon deposition and smoke f o m -  
t ion  tes ts  were conducted at the approximate conibustor operat- condi- 
tions shown in  the following table : 
I Test  condition I A t B  
Inlet-air pressure, lb/sq in. abs 
Inlet-air temperature, 9F 
A i r - f l a w  rate,  lb/sec 
Conitmator reference velocity&, ft/sec 
Fuel-air rat io 
&Based on max~mum cross-sectional  area of c m u s t o r  
ft) and i d e t - a b  pressure and temperature. 
1 
6.84 12.4 13.8 
140 
0.0240 0.0170 0.017 
housing (0.267 sq 
. 
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These conditions were chosen (1) t o  be representative of operation of 
a turbo j e t  engine  with  a  pressure r a t i o  of 12 a t  a f l i g h t  Mach nuniber 
of 1.8 and a t   a l t i t u d e s  from 35,000 t o  70,000 f e e t ,  and (2) t o  provide 
comparisons of effects  of pressure, velocity, and fuel-air  r a t i o  on car- 
bon deposition and smoke. Because of the test-facil i ty l imitations pre- 
viously  noted,  the  inlet-air  teqperatures were appreciably lower than 
those encountered under actual full-scale engine operating conditions. 
The inlet-air pressures and velocit ies at  conditions A, B, and E 
simulated operation at a l t i tudes  of 70,000, 50,000, and 35,000 f ee t ,  
respectively. Conditions A, B, and E differed only in pressure and air 
mass flow; conditions B and D, only in reference velocity and a i r  mass 
flow; and conditions B and C y  only  in   fuel-air   ra t io .  
Pr ior  t o  each test run, the combustor inner liner and dome assembly 
and the ignition plug were cleaned w i t h  rotating  wire  brushes and then 
weighed on a torsion-tne balance.  After a specified period of opera- 
tion, during which the required operating conditions were held constant, 
the assenibly and the ignit ion plug were reweighed. The difference in 
weight plus  the weight of deposit on t h e   f u e l  nozzle represented the 
total  deposit  reported  herein. 
Smoke measurements were made by f i rs t  establishing continuous flaw 
of e a u s t  gases f r o m  the sampling probe through the sampling system by 
means of a bypass l ine  located immediately upstream of the smoke meter. 
After conibustor operation had been stabil ized  at   the  desired  conditions , 
a fixed volume of eXhaust gas was passed through the smoke meter. The 
optical  density of the smoke-covered paper was then determined with the 
transmission densitometer. The difference in readings between the smoke- 
covered and the clean filters was considered a measure of the amount of 
smoke in   t he  sample and is  referred t o  as "smoke density" in this report. 
Combustion efficiency. - Conibustion e f f ic iency   tes t s  were conducted 
over a range of fuel-air  ratios at the two inlet-a- pressures and the 
range of combustor reference velocities shown in the following table:  
I Inlet-air  pressure, B/sq in.  abs 58.4 117.6 
I Combustor reference  velocity,  ft/sec I 89-166 I 93-1721 
The inlet-air tenrperature vazied from 210' t o  258O F. 
Conibustion efficiency i s  defined as the   ra t io  of the  actual en- 
thalpy rise across the combustor (between plane x-x and s ta t ion  B-B 
( f ig .  2) ) t o   t h e  t o t a l  enthalpy  supplied  by the f u e l  and was computed 
by the method of reference 10. 
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Heat-release  .rates W e r e  computed as- t-g *at output of the cambus- 
t o r  in Btu p e  hnurrper cubic. foot of catihetor v q l e .  per atmo-sphere.. 
The combustor volume w&8 -arbitrarily expressed as  the product of the G x -  
i- cross-sectional area of the combustor housing and the distance f r o m  
the fue l  nozzle t i p   t o   t h e  plane of the' exhaust-gas the-Fmocouples (fig.  2) 
. . . .  - . .  - 
" _" 
Instrument and apparatus check. - The use of high-pressure air and 
special instruments necessitated Wequent checks for  air leaks and con- 
stancy of calibration of the instry&nts. ... In some cases weided connec- 
t ions which had been tight at the beginning of operation were found t o  
have developed leaks after several  hours of high-pressure  operatian. 3 
I n  addition, a number of thermocouple and pressure rakes failed during 
the  t e s t  program. Thus, before each run the coribustor was pressurized 
and checked for. leaks. With.. zero air  f l a r t  .thc.-gressTeyceq  readings 
were checked against an accurate Bourdon-tne pressure gage and the 
zero reading of the differeptial   pressure-  transgitter Checked. WFth"" " -  - - 
air flowing through the conzbustor, readings of the .iG<t' and ejihaust ' 
thermocouple and pressure rakes were inspected f* consistency. 
. . .  . _- 
" 
- 
prl 
- - -" 
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RF,suLTs AND DISCUSSION 
Y 
The data obtained in the carbon deposition,, poke formation, and 
combustion efficiency  tests are presented i n  table 11. . 
" 
- .  . . . . . . - ." -
Carbon Deposition 
Significance Op resul ts .  - It has been observed tha t  cgrbon deposi- 
tion  increases  with t b e   i n  a. reproducible manner during the f i r s t   p a r t  
of a test  run. After some period of time,  erosion and breaking away of 
the deposits tend to reduce $be rate ,of fmqati.on, of &posits and fre- 
quently cause erratic deposition result-8. The effect  Gf test  duration 
on carbon deposition was therefore first investigated in order t o  es- 
tablish a sta,nb.rd,.test duration for .s-clbseq~nt . ests.." Tests were con- 
ducted i n  which carbon deposition was measured after runs of 1, -2, and 
3 hours' duration. The resul ts  of these tests are presented in table 
I1 and figure 4, which shows tha t  carbon deposition increased linearly 
with time  the  durations examined. . AJtho&.t_he effect  of t e s t  dura- 
t ion  was investigated at  one condition only, the trend was considered". 
adequately applicable to the other conditionsinvestigated and, hence, a 
test duration of 2 hours was selected for fnibsequent tests. Ar"iidi5a- 
t i on  of the reproducibility of test. resul ts  may be  obtained from the  
following table in which the results  ofa nwriber of "&-&:tests are pre- 
sented. 
- -  "- .. - . .. - . , ,,l." . . 
. .. . . . .  . " -. .-. 
. " 
" 
" 
. .. " 
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RUn Deviation Average Carbon 
(table I1 (a) ) from carbon deposited, 
deposition,, average, 
i3 per  cent 
4 7.7 2.6 2.8 
5 
12.2 6 
2.4 
10.4 7 
8.0 ll. 3 
8 27.2 
9 29.9 
10 26.7 
11 22.8 
28.6 4.7 
24.8 7.9 
A maximum deviation of 8 percent from the average was  obtained. Average 
deviations of less than &lo percent are generally considered satisfactory 
fo r  carbon-deposition data. 
Another factor  which is of considerable  hportance  in the eva1ua;tion 
of carbon deposition data i s  the fact that var ia t ions in  the inlet-air 
parameters are accompanied by corresponding changes in fuel-flow rates. 
Inasmuch as carbon deposition increased linearly w i t h  time, suggesting 
that carbon formation may be a direct   function of the amount of fuel 
burned, the   e f fec t  of fue l - f low variations was  minimized by expressing 
the  data on a basis of weight of carbon formed per unit weight of f u e l  
burned, in   addi t ion  to   an  absolute  basis of t o t a l  carbon deposited. 
Effect of pressure. - The ef fec t  of conibustordinlet total  pressure 
on carbon formation at constant velocity and fue l - a i r   r a t io  i s  shown i n  
figure 5(a).  Total  carbon deposition increased almost linearly w i t h  in- 
creasing pressure; carbon deposition per unit  w e i g h t  of fuel burned a l so  
increased w i t h  increasing pressure but at a decreasing rate. Since the 
increase  in  pressure w a s  accompanied by an increase i n  mass air flow, 
the fuel-flow rate was a l so  increased. Thus, since carbon formation per 
un i t  w e i g h t  of fuel  burned did not increase a t  the  same r a t e  as the 
t o t a l  carbon formation, only part of the increase i n  carbon deposition 
may be a t t r ibu ted  to the ef fec t  of increased pressure, while the remain- 
der should be considered a fuel-flow effect. The resul ts ,  in  general ,  
were found t o  be  consistent w i t h  those  obtained  by  other  investigators 
(e.g. , re fs .  1 t o  3). 
Effect of combustor reference velocitg. - The ef fec t  of codus tor  
reference  velocity an carbon deposition at constant pressure and fuel-  
air r a t i o  is  shown in  f igure  5(b) .  Carbon deposition more than doubled 
as veloci ty  was  increased from 78 t o  139 feet per second. On a basis 
of w e i g h t  of carbon deposited per unit weight of f u e l  burned, carbon 
deposition  increased o n l y  slightly with increasing  velocity. 
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As in the case of inlet-air pressure, the increased velocity was 
I 
accompanied by increased fuel-flow rate. Since the t o t a l  carbon deposi- 
tion  increased much mre  rapidly  than did the  deposits  per  unit w e i g h t  . 
of fuel,  a considerable part opthe increased carbon deposition should 
be a t t r ibu ted  to  the increased fuel-flow rate. Velocity maybe con- 
sidered  t-a  affecharbon  deposition by influencing (1) -fuel-spray forma- 
t ion  and impingeent on conitmstor l iner  w a l l s  ( ref .  l ~ ) ,  (2)  air  a w s -  
sion distribution and, hence, local fuel-air rat ios ,  and (3) erosion of 
deposits. The effect  of velocity on carbon deposition would therefore 
be expected t o  vary with operating conditions. dr 
M 
" .  ."  9 
Effect of fuel-air ra t io .  - The effect  of fuel-air r a t fo  on carbon 
formation at constant inlet-air pressure and velocity is sham in figure 
5(c), Total carbon formation increased with increasing fuel-air  ratio.  
On a unitweight of fuel basis, however, cprbon formation was essent ia l ly  
independent of fuel-air ra t io;   th is   indicates  an effect of only  fuel- 
flow rate on t o t a l  cerbon deposition. These results are consistent w i t h  
the results obtained i n  the varying pressure and velocity tests which 
showed that the increased fuel flows which accompanied increases  in - 
pressure and velocity were partially responsible for the observed in- 
creases i n  carbon formation. - 
Nature of carbon deposits. - The largest quantity of carbon w&s de- 
posited in the dome a t  most conditions investigated, with only a layer 
of soot in  the  first 5 t o  8 inches of the l iner .  The primary-air louvers 
of the dome were nearly blocked i n  most cases. Both dul l  and glossy 
carbon deposits were obtained in  the  dome. The ignition-plug spark gap 
w-as never completely closed by carbon but was reduced considerably d m -  
ing the tests that resulted in the largest  amounts of deposits. 
Smoke Formation 
The effects of variations in inlet-air pressure, combustor refer- 
ence velocity, and in  fue l -a i r  ra t io  on smoke formation are shown i n  
figures 6(a) to .  ( c ) .  In general, the magnitude of smoke density values 
obtained m s  too small t o  draw rigorous conclusions concerning the 
effect  of these variables. The trends indiaated an increase i n  smoke 
density with increasing pressure and fuel-air  ra t io .  The effect  of 
conibustor reference velocity on smoke density (fig. 6(b)) i s  not con- 
sidered significant. Data from reference 4 show that  smoke density in- 
creases considerably with increasing pressure but that the effect of 
velocity on smoke varies  greatly at different values  of fuel-air   ratio.  
. 
Conibustion Efficiency 
ered 
Effect of fuel nozzles. 
necessitated the use of 
" - Since the large range of fuel flows cov- 
two f u e l  nozzles of different capacity, it 
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was desirable t o  determine the effect  of nozzle capacity on combustion 
efficiency. The resu l t s  of these tes ts ,  presented in  f igure 7, show  no 
marked effect  of nozzle capacity on colnbustion efficiency. Although 
these tests were conducted a t  one condition only, it is  considered prob- 
able that the use of two different fuel nozzles did not appreciably 
affect the results obtained at other inlet-air conditions investigated. 
Effect of inlet-air parameters. - The combustion efficiencies ob- 
w tained at two different  pressures  over a  range of conibustor reference 
IP ciency  generally  increased  slightly with increases   in   fuel-air   a t io ,  
velocit ies and fuel-air  ratios are shown in  f igure  8. Conibustion e f f i -  
reached a maximum value, and then decreased with further increases in 
fuel-air  ra t io .  Values of conibustion efficiency were high, varying be- 
tween 88 and 100 percent over the entire range of conditions covered. 
In order t o  isolate  the effects  of inlet-air  pressure and velocity,  the 
data from figure 8 were cross-plotted in figure 9, which shows the 
effect  of pressure and velocity on combustion efficiency at two fuel-air 
ratios.  In general ,  combustion efficiency decreased with increasing -r velocity and with  decreasing  pressure, a trend which i s  consistent  with 
Hu results  previously  obtained a t  lower levels  of velocity and pressure. 
Correlation of inlet-air parameters. - Conibustion efficiencies ob- 
tained at lower Dressure conditions have been found t o  correlate with 
the  parameter V;/PT, where Vr, P, and T are the conibustor reference 
velocity, the inlet pressure, and the inlet temperature, respectively. 
In figure 10, this parameter is  plotted against conibustion efficiency 
f o r  two representative fuel-air  ratios.  The limited umber of t e s t  
points shown in   f igure 10 seem t o  -indicate that the data cannot be 
generalized over the wide range of pressures covered in these tests; 
that is, indications are that increases in pressure cannot be accompanied 
by  proportional  increases  in  velocity  without some decrease i n  combustion 
efficiency. However, the range of conibustion efficiency values obtained 
was too narrow t o  draw rigorous conclusions concerning the applicability 
of the correlations. Variations of as much as 10 percent have frequently 
been observed in   the  correlat ion.  
Heat-release rates. - The maximum heat-release rate,  a measure of 
the r a t e  at w h i c h  heat energy can be liberated in a given combustor 
volume, i s  important because it may establ ish  the minimum size require- 
ments of the conibustor. In order t o  indicate the heat-release rates 
possible w i t h  a turbojet conibustor of current design, heat-release Val- 
ues were computed from the data obtained in   t he  conibustion efficiency 
t e s t s  and are shown in  tab le  I I (b) .  Values as high as 4,468,000 Btu per 
hour per cubic foot of conibustor volume per atmosphere were obtained. 
Test faci l i ty   l imitat ions  ra ther   than combustor s i ze  prevented attain- 
ment  of s t i l l  higher heat-release rates. For compmison, the full-sc&le 
engine having conibustors similar t o  the single-tube unit investigated 
a t ta ins  a heat-release  rate of 2,300,000 Btu per hour per cubic foot 
10 - NACA €34 E53K09 
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per atmosphere when oTerated a t  sea level,  at  rated engine speed, and 
at a flight Mach rimer of 0.6. This is";i<re&r "fnilication that heat- 
release rates far  greater than those now obtained are  possible w i t h  com- 
bustors of current design a t  high-pressure operating conditions. 
. "- 
.. ". - 
4 
Combustor total-pressure loss. - The effect  of cmibustor reference 
velocity on combustor total-pressure loss ,  expressed as a percentage Of 
the combustor-inlet  . total  qressqe (DIP) is  shown in  figure ll for 
pressures of 58.4 and 117.6 pmqds per square inch b s o l u t e  and for an 
exhaust-gas t o  inlet-air temperature ratio of' 2.0. This Value corre- 
sponqs approximately t o  the temperature-rise ra t io   required of the engine d 
i n  order to-maintain steady-state operat$- at the flight conditions 
simulated. Pressure drop (&?/PI increased with increasing velocity; 
the  ra te  of increase also increased with ixrcreasing velocity. As 
combustor-inlet total  pressure was  doubled, a sl ight increase in pres- 
sure drop (&/P) was observed over the entire. range of reference 
velocity. 
. .  . 
" 
-cu cfc " 
. -  . .. 
. .. 
- .  
. ." 
. .. 
The following results were obtained from an investigation of the 
- 
effects  of high combustor-inlet pressures and veloci t ies  on carbon 
deposition, smoke formation, and combustion efficiency i n  a single 
t&ulzr turbo  jet  conibustor: 
. - " .  
I 
.- ," 
1. Total carbon deposition increased rapidly with increases i n  
inlet-air   pressure and velocity and increased  slightly w i t h  increases 
i n  fuel-air   ra t io .  - .  - ". -_ 
2. Carbon deposition per unit weight of f u e l  burned was constaut 
with time and fuel-air ratio but increased with increases in inlet-air  
pressure and velocity. However, s ince  the  to ta l  carbon deposition in- 
creased much more rapidly than the deposition per unit weight of' f u e l  
burned, the increase i n  carbon deposition w i t h  increasing pressure and 
velocity  should  be  partially  at tr ibuted t o  attendent increases in fuel 
flow. 
3. Smoke formation increased considerably w i t h  increases in pres- 
sure and f u e l - a i r  ratio b u t  not  significantly with increases i n  corn- , 
bustor reference velocity. 
4. CoIlibustion efficiency vaxied between 88 and 100 percent over a 
range of co&ustor-inlet pressures from 58 t o  117 pounds per square 
inch absolute and reference velocities from 89 t o  172 feet   per second. 
In  general, combustion efriciency decreased with decreasing pressure 
and with increasing  velocity, 
NACA RM E53K09 ll 
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5. An increase i n ,  combustor-inlet pressure accompanied by  a pro- 
portionate increase in reference velocity resulted i n  a slight decrease 
no change in combustion efficiency at these conditions. 
m i n  conibustion eff-iciency; a previously developed correlation  predicted 
6. No l imiting values of heat release rate, i n  B t u  per hour per 
c&ic foot of conibustor vdlume per atmosphere, were  obtained a t  the 
highest pressure condition as velocity and fuel flow were increased t o  
04 conditions  lFmited by the  capacity of the test  f ac i l i t y .  z 
i-P 
Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 
Cleveland, Uhio, Noveniber 10, 1953 
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TAB- I. - PHYSICAL PRCPEZTIES aF MIL-F-5624A 
GRADE JF-4 
Fuel  properties 
A.S.T.M. d i s t i l l a t ion ,  D86-46, OF 
I n i t i a l  boiling point 
Percent evaporated 
5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
F ina l  boiling  point 
Residue, percent 
Los 6 , percent 
Aromatics, percent by volume 
A.S.T.M. D-875-46T 
S i l i ca   ge l  
Specific gravity 
Viscosity, centistokes at 100' F 
Reid vapor pressure, lb/sq in. 
Hydrogen-carbon r a t i o  
Net heat of combustion, B tu / lb  
NACA "K" factor 
NACA fuel 
52-288 
139 
224 
253 
291 
311 
324 
333 
347 
363 
382 
413 
486 
1.2 
0.7 
10 
10.1 
0.776 
0.935 
2.7 
0.168 
18,675 
278 
. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 
I -  
1 1  10 98
: l 5  1 
45.0 
44.6 
45.1 
680 
678 
681 
33.1 
53.1 
681 
678 
88.1 
B6.1 7c4 
TO6 
e6.2 709 
173.5 
86.2 
713 
?D6 
173.6 707 
86.3 1 699 32.7 80
4.74  100  293.5 
4.74 *80 I 2 I;::: 
2.78 
2.76 
6 .EX 
12 .[L4 
6.181 
415.11 78 
77 414.0 
12.17 
Ls.20 
198 790.0 
76 815.0 
l5.64 77 m.0 
6.95 iq 595.0 
2 .a4 & 171.0 
6 . 4  
7 .m 
7!3 416.0 
12.75 142 793.0 
79 995.0 
L4 .E 80 847.0 
IS n5.0 
- 
-1- 
?at10 
air 
~0178 
.a72 
.0171 
.tnE 
.a74 
.0188 
.Dl77 
.m 
.blW 
,.a@ 
.mga 
.oL88 
.Dl67 
.0166 
.ai58 
.ox8  
a 7 3  
la40 
le45 
la40 
1855 
1@5§ 
1870 
1665 
1875 
1860 
1889 
1855 
2270 
1855 
L880 
2285 
1870 
1875 
mlbuBtlon -1 Ihm 
f f iciency, m a l e  tim, 
gerOLmt capc i ty ,  br 
ab 
96.9 
97.6 
97.6 
1 60 
60 
60 
2 
96.6 
3 
4.0 
97.4 40 2 
99.5 
99.7 
60 
eP 
2 
95.0 
2 
lw 2 
99.1 
92.6 SM 
2 llD 
2 
100 .o n o  2 
99.2 60 
101.1 40 
2 
1 M  .e 60 - 
, 2  
- 
epmitea, 
carbon 
B 
4.3 
2.7 
7 -0 
2.4 
10.4 
12.2 
27.2 
29.9 
26.7 
22.8 
16.7 
2.a 
"" 
"" 
"" 
"- "__ 
DWcn?ntial  
1.0 
"" 
"" 
"" ll.7 
"" 12.7 "- 6.4 
"- I 7.4 I 
I * :  
. . . . . .  
.. . 
1 1 
- 
mhutm. 
inlet 
rOMW, 
M 
b f w  in. 
ab. 
58.4 
B . 4  
58.4 
68.4 
m.l 
5a.s 
63.6 
683 
B3.S 
58.3 
- 
58.1 
68.5 
53.S 
58.5 
UB.0 
U7.6 
ll8.4 
l17.6 
l17.7 
uO.s 
111 .I 
1lB.6 
llB.0 
u0 .e 
m.4 
1po.O 
m.4 
U7.6 
u8.0 
ll7.6 
l l7 .1  
l17.7 
l l1 .1  
l11.7 
11?.7 
l l8 .1  
117 .D 
177.1 
UB.z  
117 .E 
U1.4 
m.3 
- 
inLct 
" oa 
676 
682 
694 
om 
-. 
8 0  
BBZ 
882 
(101 
ms . 
7m 
lo8 
7m 
106 
It% 
714 
114 
715 
IlU 
712 
7l8 
lu1 
718 
7lB 
715 
7 u  
714 
M 
71p 
IU 
1111 
110 
13.8 
714 
I14 
7 14 
714 
7 14 
701 
7 m  
7ae 
708 
m.0 
88.1 
08.1 
98.5 
06.3 
D8.0 
88.5 
98.8 
95.9 
E4.1 
m.7 
91.5 
86.4 
92.0 
88.1 
06.1 
100.1 
88.9 
tT.0 
88 .S 
9.3.9 
96.1 
B8.D 
08.4 
88.T 
00.5 
88.8 
1 m  .E 
8r.o 
98.4 
911.9 
85.2 
81.2 
85.8 
94.4 
91.8 
94 3 
86.8 
97.8 
08.1 
88.1 
89.0 
u . 5  
15.2 
u . 2  
l s . 4  
W.5 
U . 8  
15.0 
u.4 
8 . S  
B.21 
9.33 
9.- 
ffaratii 
Iauura -. 
hfw i n *  
SDmU 
a.5 
2.4 
2.7 
1.0 
6.8 
4.7 
4.9 
6.1 
6.4 
6.4 
1.6 
8.6 
0.2 
0.4 
10.8 
5.8 
6.2 
6.5 
8.8 
8.2 
8.2 
lo.8 
11.0 
ll.8 
E . 1  
l l . 8  
16.6 
l5.8 
14.5 
11 .I 
9.8 
"" 
"" 
"" 
"" 
"_ "" _" 
8.0 
8.5 
9.0 
9.2 
1 
. . . . . . . . . . . . 
. .  . . 
. . .  . . 
.. . . .. 
. .   . .  
1 I 
. .. . . .. . . . 
I r 
CT-3 
I I 
3124 
-. . . . .  . . . . . . . ... . . . . . . . . . -. 
Ij 
h 
1 
a 
II I 
, Air  flos - 
Bide 
1 
I 
.. . . . 
1 
.. . . 
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Figure 4. - Effect of running time on carbon deposition in single tubular com- 
bustor. Inlet-air presaure, 45.0 pounds per aquare inch abaolute; inlet-air 
temperature, 220P F; combustor-met reference velocity, 101 feet  per second; 
fuel-air ratio, 0.0172. 
. . .. . . . . .  . 
Combustor-inlet total p r e ~ ~ ~ n ,  lb/Bq in. ab8 
(a) Effect of combustor-inlet total P ~ ~ E E I ~ .  Combustor reference velocity, 78 feet per second; 
inlet-air  temperature range, 218' t o  2 5 9  F; fuel-air-ratio range, 0.0166 to 0.0174. 
F&un 5. - FSPect of combustor conaitlone on carbon depoeltion in single tubular conibuetor. 
I , PZCE 
I 
. . . . . . . . . . . 
I 
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30 
Carbon deposit - 
0 Grams 
0 Grama/1000 l b  
25 - fuel burned 
Combustor reference velocity, ft/sec 
(b) Effect of conbustor reference velocity. Inlet-air 
total   pressure,  86 .I pounds per  square  inch  absolute;. 
i n l e t - a i r  .temperature range, 244O t o  249O F; fuel- 
a i r - r a t io  range, 0.0168 t o  0.0180. 
20 
15 
10 
.016 .018 .020 .022 .024 
Fuel-air   ratio 
(c)  Effect  of fue l - a i r  r a t io .  In l e t - a i r  t o t a l  pres- 
sure, 86.2 pounds per equare inch absolute; com- 
bustor reference velocity, 78 feet  per second; 
inlet-air temperature range, 239O t o  246O F. 
Figure 5. - Concluded. Effect of combustor conditions 
on carbon deposition in  single  tubular combustor. 
.  . . . . . . . . ". .. .. . . . 
N 
N 
.10 
n 
. .  
- 
70 a, 90 100 U O  m 130 140 150 
Combuetor-met reference valocity, ft/Bec 
(b) Effect of combustor reference velocity. Cabustar-inlet total pressure, 86.3 pcnmds per oq- 
inch absolute;  ?.nlet-alr -tare, 238' F; fuel-air-ratio range, 0.0166 to 0.0173. 
Figure 6. - EiYect of cornbudor conditioons on amkc ddnsity in single tubular combrantor. 
. .  . . . .  
1 3128 , I 
.004 .008 .Ol2 . O l E  .OW 
-1-air ratio 
Figure 7 .  Effect of fuel-nozsle capacity on cmbudian efficiency in s i n g l a  tubular eoabuator. 
Combuatrrr-inlet total pressure, l17.9 pmmb gar qmre inch sboolutc; coabustor rsiaremet 
velocity, 110 feet ger mcmd; inlct-alrtaperaturr range, 241° to 2 6 p  F. 
. .. 
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100 
90 
Q tY 
$j (a) Nominal  combustor-inlet  total  pressure, 58.4 pounds  per  square b h  
g 80 
PI absolute; fuel nozzle, 60 gallon-per-hour  with 70° spray  angle;  inlet- 
$ aFr te  erature r e 216O to 249O F. " 
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a, 
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.004 .008 .012 .016 " . .020 .024 
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Fuel-air  ratio 
(b)  Nomlnal  combustor-inlet  total  pressure, 117.6 pounds  per  square inch 
absolute; fuel nozzle,  modified  110-gallon-per-hour;  inlet-air temp- 
erature range, 250° to 258O F. 
d 
- .. 
. ._ 
* 
. "" 
Figure 8. - Effect of inlet-air  pressure,  velocity,  and  fuel-air  ratio on 
combustion  efficiency in single  tubular  combustor. 
4 
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(b) Fuel-air ratio, 0.018. 
Figure 9. - Effect of combustor reference velocity on combus- 
t ion efficiency i n  single tubular combustor. 
. - . . . . . . .. . . . . . . . .- . . 
(a)  Fuel-air  ratio, 10.012. 
" 
6 14 18 22 26 
Vr/FT (ft, lb, aec, OA units) 
(a) Fuel-air ratio, 0 .Ole. 
Figure 10. - Correlation of c d u a t i a n  paranekr with combustion efficiency 
in  aingle tubular combustor. 
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Figure U. - Effect of combustor-inlet reference velocity on combustor total-preaem l06t1 in 
single tub- combustor.  Temperature"1ee ratio, 2.0. N 
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